A low-capacity cation-exchange column was newly developed for the separation of amino acids. A highly cross-linked macro-porous polystyrene-divinylbenzene co-polymer was functionalized by a sulfoacylation reaction. The exchange capacity was controllable at the acylation step. The capacity between 55 and 60 µmol/column was adequate for the practical separations in acceptable retention times. The 5-µm base polymers having average pore diameters smaller than 3 nm gave satisfactory results, and those having 1.5-nm pore was most favorable. Several isocratic elution conditions at different pH values adjusted by phosphate buffer of mM order with or without acetonitrile could provide good separations for individual classes of amino acids, i.e., acidic, neutral, hydrophobic, and basic groups. The results provided fundamental data for constructing gradient elution systems required for the simultaneous separation of protein amino acids.
Introduction
High-performance liquid chromatography (HPLC) of amino acids based on cation-exchange separation, so-called aminoacid analyzer, is now powerful and essential for biological, biomedical, and clinical laboratories.
In general, the chromatographic separations are based on the cation-exchange column packed with higher capacity resins of mmol ml -1 order of magnitude, with several buffer eluents of higher concentration. In addition, the use of a specific HPLC system controller is usually required to program a relatively complex gradient elution system for separating amino acids. Therefore, commercially available amino acid analyzers are often very expensive, and such specialized HPLC systems seem to be unsuitable for general purposes.
On the other hand, we have proposed low-capacity cationexchange chromatography techniques for the separation of amino acids, 1,2 permitting the use of acid eluents of lower concentration. These methods have technical merits, such as those enabling the ultraviolet and/or electric conductivity detections in addition to the conventional sensitive fluorescent detection, and reducing the discharge of chemical substances into environments, while keeping the availability for general purposes, which totally can lead to the reduction of analytical costs.
In our previous work, 1 pellicularly sulfonated polystyrene-divinylbenzene (PS-DVB) resins of low cationexchange capacity (24 µmol ml -1 ), trial products provided by courtesy of a manufacturer, have been applied to the separation of amino acids. The self-packed column examined has provided good selectivity for amino acids but poor resolution for them because of large diameter (11 µm in average) and soft polymer (low cross-linkage ca. 4%). Preceding this, another lowcapacity cation-exchange PS-DVB resins 3 have been designed for the separation of metal cations, in which a large volume column (25 cm × 2 cm) has been necessary to separate alkalineearth metal ions because of too-small capacity (6.1 µmol g -1
). In addition, since the base polymer of lower cross-linkage (12%) and of relatively larger diameter (12 -15 µm) has been used, it seems difficult to apply this resin to the separation of amino acids requiring high efficiency. The dynamically coated octadecylsilica column with hexadecylsulfonates 2 have provided good selectivity and high resolution for amino-acid cations, but only isocratic conditions have practically been acceptable for several specific purposes. Now several kinds of low-capacity cation-exchange columns for ion chromatography are commercially available, but they can provide only poor selectivity for amino-acid cations in our experience, because such materials must be designed for the separation of common inorganic cations. The reason of such unsuitability is probably that the base polymers used are hydrophilic resins such as polyhydroxyacrylate. The selectivity to amino-acid cations can arise from the hydrophobicity of the substrate, such as PS-DVB, in addition to the ion-exchange interaction toward the charged site.
Although concentrated sulfuric acid is often used for the sulfonation of PS-DVB polymer, 3, 4 recently sulfoacylated macro porous PS-DVB resins have been synthesized 5 and applied to the separation of multivalent metal cations, 6 in which size exclusion beads of highly cross-linked 5 µm polymers have been functionalized to ion-exchange capacity of around 0.4 mmol ml -1 . Since the capacity has been controlled by the degree of acylation reaction, we have tried to prepare new resins of low capacity, less than 50 µmol ml -1 , needed for the separation of amino acids in our previous study. 1 This paper describes an introductory study about a new-type low-capacity cation exchanger selective for amino acids, with the intention of simultaneous separation of amino acids using conventional HPLC systems.
The isocratic separating efficiencies of self-packed columns are also evaluated to determine the capability in subsequent gradient elutions.
Experimental

Reagents and materials
Acetonitrile of HPLC grade and other reagents of analytically guaranteed grade were purchased from Wako (Osaka, Japan) or Tokyo Kasei (Tokyo, Japan), and were used without further purification. L-Amino acids and glycine were purchased from Sigma (St. Louis, MO, USA) as a proteinic standard kit. Deionized water obtained through an Organo (Tokyo, Japan) G-10 mixed-bed ion-exchange cartridge with a charcoal filter was further purified by passing through a Nihon Millipore (Tokyo, Japan) Milli-Q Labo water purification system just before use.
Several kinds of highly cross-linked macro-porous PS-DVB polymers, commercially supplied as packed columns for gel permeation chromatography (GPC) by Tosoh (Tokyo, Japan), were considered and used as starting materials; these were furnished by courtesy of Tosoh. The physical properties of the columns examined are summarized in Table 1 . The highly cross-linked PS-DVB polymers were taken out from the GPC columns (7.8 mm i.d. × 30 cm) for functionalization. Each packed column was sufficiently washed by passing methanol for several dozens of minutes, and subsequently the packing was forced out by pressing with methanol after removing the outlet column fitting. The wet PS-DVB polymer taken out was allowed to dry, which led to a white powder.
Syntheses
The synthesis procedure was constructed by modifying the method presented by Seubert and Klingenberg.
5 A 2 g of the PS-DVB polymer was suspended in 25 ml of dichloromethane dehydrated in a 300 ml round bottom boiling flask. A 0.2 ml of 3-chloropropionyl chloride was added to the suspension and the mixture was stirred for 15 min for complete homogenization at room temperature. Subsequently the Friedel-Crafts acylation was carried out by adding 0.277 g of anhydrous AlCl3 to the solution for 10 min at room temperature. The reaction was stopped by adding 100 ml of THF. The resultant polymer was placed on a 0.2 µm hydrophilic PTFE membrane filter (Advantec, Tokyo, Japan) over a separable suction bottle under a reduced pressure by aspirating, and then washed by shaking for 1 h each with 1/1(v/v) THF/H2O, 2 M HCl, H2O, and CH3OH in order. The acylated polymer was suspended in a mixture of 15 ml dimethylsulfide and 20 ml methanol, and stirred gently for 12 h at room temperature. The polymer was filtered off and washed several times with methanol. The sulfonium-formed polymer was suspended in 100 ml of 1 M Na2SO3 and stirred for 6 h over a water bath at 80˚C. This sulfonation step was repeated more than three times for each polymer, and the resin capacity attained between the steps was measured individually. The final sulfonated polymer was filtered off and washed with water and then with methanol, and was allowed to dry at room temperature.
Column packing
The analytical column (4.6 mm i.d. × 150 mm stainless-steel, 2.49 ml in volume) was packed with each sulfonated polymer by means of a slurry packing technique. An appropriate amount of the resin in slight excess of the column volume (ca. 1.5 g for dry resin) was dispersed into 30 ml of 5 mM H3PO4 and sonicated for 20 min. The slurry was pumped by an APUS-5 high pressure pump (GL Sciences, Tokyo, Japan) via a column packer into the empty column with 5 mM H3PO4 as packing solvent; the working pressure was kept less than 30 MPa by controlling the flow rate. The packing solvent was passed through, more than 300 ml.
The self-packed columns originating from the TSKgel G1000HHR, G2000HHR, and G2500HHR are referred to as SG-1000, SG-2000, and SG-2500, respectively, in this paper.
Capacity measurements
In order to convert the resin into Na + form, 10 mM NaNO3 was passed through the column using a Hitachi (Tokyo, Japan) L-7110 solvent delivery pump at a flow rate of 1 ml min -1 at 30˚C with an Advantec LS-180 water bath until background conductivity became constant by monitoring with a Tosoh CM-8000 conductivity detector with a Hitachi D-2000 chromatographic integrator. The column was then rinsed by passing water until a minimum conductivity of the detector was achieved. Subsequently, 10 mM HNO3 was passed through the Na + -formed column until all H + ions came out from the column, while the background conductivity of the effluent was changed as shown in Fig. 1 . The bottom conductivity due to water was dependent on the characteristic of the detector. The medial plateau is due to Na + ions replaced by H + ions, reaching about 1200 µS cm -1 . The highest plateau is due to H + ions which overflowed from the column after finishing the replacement, reaching about 3500 µS cm -1 . The start of the first increase indicates the beginning of the exchange of Na + with H + , and the second increase implies the finish of the replacement. Thus, the product of the time between the midpoints of the slopes (A in Fig. 1 ) by the flow rate should correspond to the total ionexchange capacity of the column. In this case, the conversion process from Na + form into H + form was measured to estimate the capacity. On the contrary, the conductivity change from H + 60 ANALYTICAL SCIENCES JANUARY 2002, VOL. 18 level to Na + level owing to the conversion from H + form into Na + form showed a big tailed slope, although selectivity of Na + is usually higher than that of H + . This fact can be explained by the hypothesis that the diffusion of H + ions in the macroreticular resins is significantly faster than that of Na + ions.
Chromatography
The HPLC system consisted of an Erma (Tokyo, Japan) ERC-3510 solvent degasser, two Shimadzu (Kyoto, Japan) LC-9A pumps with a high-pressure solvent mixer for two liquids, a modified Toyo (Tokyo, Japan) FI-45 incubator as a column oven equipped with a Rheodyne (Cotati, CA, USA) Model 7125 syringe-loading sample injector with a 100 µl sample loop, and a Shimadzu SPD-10A UV spectrophotometric detector. For the postcolumn fluorescence detection, a Tosoh FS-8010 fluorescent detector, a Lab-Quatec (Tokyo, Japan) Model MP-311 pump for delivery of a reaction mixture, and a Tosoh CO-8000 column oven as a reaction chamber were used.
The detector analog outputs were converted to digital outputs via an Advantest (Tokyo, Japan) R6441A digital multimeter, and were acquired through an RS232C interface by a DELL Japan (Kawasaki, Japan) Dimension XPS D233 personal computer with a self-made program written with Visual Basic working under MS-DOS environments. 7 A set of chromatographic data acquired was then processed and visualized with a self-made program working under Microsoft Windows environments.
Results and Discussion
Synthesis of cation exchanger
Since Seubert et al. have presented 5 the result that the ionexchange capacity depends on the amount of 3-chloropropionyl chloride, the minimum amount (0.2 ml) was applied to the reaction with the intention of producing a low-capacity cationexchange resin around 25 µmol ml -1 in line with our previous study. 1 The ion-exchange capacities per column obtained are listed in Table 2 . The degree of the sulfonation was dependent on the reaction time of the final step. Since the capacities were saturated after the fourth sulfonation reactions in all cases, it was considered that the completion of the final conversion step required more than 18 h at 80˚C. The exchange capacity was also dependent on the pore size of the base polymer, that is, the functionalization of the polymer having smaller pore diameters could lead to lower capacity, probably because the amount of acyl group introduced was restricted by the steric hindrance due to the size of the macroreticular structure under the synthetic conditions. Since the column volume was 2.49 ml, the final resin capacities corresponding to SG-1000, SG-2000, and SG-2500 were 22, 39, and 67 µmol ml -1 , respectively.
The separations of seven hydrophilic amino acids by SG-2500 of 60 µmol/column were almost the same as those by SG-1000 of 55 µmol/column (see Table 2 ), so the selectivity was thought to be independent of the pore size. In addition, the presence of unfunctionalized sulfonium group in the polymer might affect the separation only slightly.
In contrast, a column packed with the functionalized resin of larger pore diameter than 7 nm, obtained from a TSKgel G3000HHR listed in Table 1 , was inadequate for the chromatography, because it provided poor column efficiency for amino acids. Similarly, a column packed with the cation exchanger from a basic substrate having particle diameter of 3 µm, that is, from TSKgel SuperH series, could also give poor separations. These results can suggest that it is very difficult to prepare acceptable columns by self-packing with such soft and/or too small materials.
The results led to the conclusion that the highly cross-linked polymer having macroreticules as small as possible was adequate as materials for the functionalization.
Selectivity for amino acids
The selectivity of amino acids for the low capacity cation exchanger was evaluated by using the SG-2500 column of 60 µmol/column with a variety of eluent compositions under isocratic conditions. A 50 µl aliquot of each amino-acid standard between 1 and 0.025 mM in concentration, depending on the UV sensitivity, was injected and detected at UV 210 nm.
The retention times of amino acids observed are listed in Table 3 . A 5 mM H3PO4 could elute the hydrophilic amino acids such as Ser, Asp, Gly, Thr, Ala, Glu, and Pro in order within reasonable retention times. Among these, the retention of Pro was strongly affected by the addition of acetonitrile to the mobile phase. The eluting order of the hydrophilic amino acids, especially of Gly and Ala, with this low-capacity column was different from those with a high-capacity column used in commercial amino-acid analyzer, generally showing the order of Asp, Ser, Thr, Glu, Gly, and Ala. This difference in selectivity is probably due to the differences in the ionexchange capacity and in the eluting power of mobile phase.
In order to elute the other hydrophobic neutral amino acids within acceptable retention times, the addition of acetonitrile was required as was naturally expected. Trp could not be eluted with aqueous buffers without acetonitrile at any pH.
On the other hand, basic amino acids were eluted in acceptable times using the phosphate buffers containing 5 or 10%(v/v) acetonitrile at higher pH than 7, because these amino acids are existing as singly charged cations at neutral pH.
The results can lead to the consideration that the total capacity around 60 µmol in the case of using a conventional column size is adequate for the intended chromatographic separations, although the cation exchange polymer has many unfunctionalized sites.
Column evaluation
The self-packed columns at their maximum capacities (Table  2) were evaluated by separating a mixture of seven hydrophilic amino acids with phosphoric acid eluent. The retention factors (k) with different eluent concentrations at a flow rate of 1 ml min -1 are listed in Table 4 . From the results, SG-1000 with 20 mM H3PO4 provided the most acceptable separation for these amino acids with the highest plate number of ca. 4000, as shown in Fig. 2 . Since the separation could be achieved in 15 min, this combination seemed to be most practicable to construct gradient elution systems necessary for the separation of all amino acids. On the one hand, an increase of the column efficiency was anticipated by increasing the column capacity, but significant improvements in resolution and plate numbers were unattainable; the higher capacity columns only required the increase of eluent concentration. Figure 3 shows log-log plots 8 of k against eluent concentration with the SG-1000 column; the curves can suggest that the use of 15 mM H3PO4 is capable of providing a better separation. None of the plots were linear despite the separation of hydrophilic amino acids, which can lead to the estimation that hydrophobic interactions strongly participate in the retention in addition to ion-exchange phenomena. The lower capacity column is likely to be favorable for the separation, within a practical capacity range, and the study concerning this is under consideration. The resolution might be affected by the large sample size, corresponding to 50 µl × 7 × 1 mM required for the UV detection of such UV-transparent amino acids. This deficiency was somewhat improved by using a fluorescent detection that Conditions: column, SG-1000; eluent, 20 mM H3PO4; temperature, 30˚C; flow rate, 1.0 ml min -1 ; sample size, 50 µl × 1.0 mM each; detection, UV 210 nm. Peaks: (1) Ser, (2) Gly, (3) Asp, (4) Thr, (5) Ala, (6) Glu, and (7) Pro. Fig. 3 Log-log plots of eluent concentration versus retention factor k for (1) Ser, (2) Gly, (3) Asp, (4) Thr, (5) Ala, (6) Glu, and (7) Pro.
enabled the injection of µM levels in concentration, although the data are not presented here. In any case, the separation among Ser, Gly, and Asp is still delicate, but we consider that this problem can be solved by increasing column performance that often depends on packing skills.
Since the isocratic elution conditions at different pH values provided good separations for the other amino acids as mentioned above, we concluded that the developed lowcapacity column in combination with phosphate eluent was applicable to the simultaneous separation of protein amino acids by constructing suitable pH-gradient conditions. Since the purity of phosphoric acid is not so high, another alternative buffer system should also be considered. Further investigation is now underway and the results will be presented in due course.
